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ABSTRACT: This study examined multidecadal changes in the amplitude of the boreal-winter Madden—Julian oscillation
(MJO) over the twentieth century using two century-long reanalysis datasets (20CR and ERA-20C). Both revealed rea-
sonable MJO variability compared to other state-of-the-art reanalysis datasets. We detected pronounced multidecadal
variations along with an increasing trend in MJO amplitude during the period 1900-2009 in both datasets, although this
linear trend was less significant in the reconstructed MJO index proposed by Oliver and Thompson. The two twentieth-
century reanalysis datasets and the Oliver-Thompson MJO index consistently showed the intensified amplitude of MJO
precipitation and circulation in the later decades (1970-99) compared to the earlier decades (1920-49). The most significant
enhancement of MJO precipitation in the later decades appeared over the western Pacific warm pool. To understand the
mechanisms controlling the changes in western Pacific MJO precipitation amplitude over the twentieth century, we diag-
nosed the moisture budget equation. The enhanced MJO precipitation variability in the later decades mainly came from
increased moisture associated with a strengthened low-level convergence anomaly working on background mean moisture
[=(@V - V")]. Further diagnosis showed that the effect of anomalous circulation (V - V") change on the MJO precipitation
amplitude change over the twentieth century was about an order larger than that of mean moisture (g) change, different
from the mechanisms (i.e., increased gradient of ) responsible for the intensified MJO precipitation amplitude under future
warmer climate. The enhanced MJO circulation anomalies during 1970-99 may be caused by an enhanced diabatic heating
anomaly, offset partly by the increased mean static stability.
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1. Introduction

The Madden—Julian oscillation (MJO), a planetary-scale
atmospheric circulation anomaly coupled with deep convec-
tion, is the dominant mode of intraseasonal variability over the
tropics (Madden and Julian 1971, 1972). The MJO convection
is generally initiated in the western equatorial Indian Ocean
and strengthens as it propagates eastward through the Indo-
Pacific warm-pool regions. The convection of the MJO is weak-
ened significantly after arriving over the cold tongue region
(Zhang 2005). Numerous studies have documented the influ-
ences of the MJO on different weather and climate systems
over the globe, such as the global monsoons (Goswami and
Mohan 2001; Lorenz and Hartmann 2006; Pohl et al. 2009),
tropical cyclones (Camargo et al. 2009), El Nifio-Southern
Oscillation (ENSO; Lengaigne et al. 2004; Zavala-Garay et al.
2005), and other tropical and extratropical extreme events
(Carvalho et al. 2004; Lin et al. 2010). Unfortunately, accurate
simulation and prediction of the MJO and its impacts are
still challenging (Vitart and Molteni 2010; Fu et al. 2013;
Klingaman et al. 2015; Ling et al. 2019), partially due to our
incomplete understanding of the MJO dynamics (Kim et al.
2011; Zhang et al. 2013; Jiang et al. 2015).

The MJO intensity (i.e., the amplitude of MJO variability)
varies at different time scales, including the seasonal cycle
(Salby et al. 1994; Zhang and Dong 2004), interannual (Madden
and Julian 1994; Hendon et al. 1998; Slingo et al. 1999; Kessler
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2001; Chen et al. 2016; Hsu and Xiao 2017), and decadal scales
(Slingo et al. 1999; Jones and Carvalho 2006), as well as with
the long-term change associated with anthropogenic warming
(Liu et al. 2013; Subramanian et al. 2014; Arnold et al. 2015;
Chang et al. 2015; Adames et al. 2017; Wolding et al. 2017; Bui
and Maloney 2018; Cui and Li 2019; Maloney et al. 2019;
Rushley et al. 2019). The mechanisms responsible for the
MJO intensity are generally linked to background thermo-
dynamic conditions. For example, the meridional movement
of active MJO locations in a year is consistent with the annual
cycle of sea surface temperature (SST) centers and low-level
moisture convergence regions (Salby et al. 1994; Zhang and
Dong 2004). The spatial extents of warm SST influenced by
the ENSO lead to anomalous moisture and large-scale cir-
culations over the Indo-Pacific warm-pool region where the
MJO is vigorous. As a result, the enhanced MJO signals tend
to extend farther east toward the central-eastern Pacific
(confined to the western Pacific) during warm (cold) ENSO
years (Hendon et al. 1998; Kessler 2001; Zhang 2005). The
complexity of SST patterns associated with different ENSO
types also affects the MJO intensity during its initiation and
propagating stages through modulating the background con-
ditions and scale interaction processes (Chen et al. 2016; Hsu
and Xiao 2017). The changes in SST pattern under global
warming can also exert profound influences on changes in
MIJO characteristics (Maloney and Xie 2013; Cui and Li
2019). A recent paper of Roxy et al. (2019) suggested that the
expansion of western Pacific warm pool would lead to a longer
persistence of western Pacific MJO.
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The decadal-to-multidecadal variation of the MJO intensity
has received less attention owing to limited observations. An
early study of Slingo et al. (1999) assessed the MJO’s behavior
during 1958-97 using the National Centers for Environmental
Prediction (NCEP) Reanalysis 1 dataset; they found that the
amplitude of MJO wind field at 200 hPa in 1958-76 was weaker
than that in 1977-96. To verify whether this finding resulted
from the improvement of reanalysis quality during the satellite
era, Slingo et al. (1999) conducted a model simulation forced
by observed SST in 1949-93. The simulated MJO reproduced
the positive trend in observed MJO amplitude, confirming the
influences of SST warming over the second half of the twen-
tieth century on the intensified MJO activity. Similarly, Jones
and Carvalho (2006) used the NCEP reanalysis data to inves-
tigate the variation in the strength of MJO zonal winds in the
lower and upper troposphere over the period 1958-2004.
Positive linear trends were identified in the amplitude of MJO
zonal winds during both boreal summer and winter seasons.

Besides reanalysis-based studies (Slingo et al. 1999; Jones
and Carvalho 2006), a number of studies have discussed the
impact of anthropogenic warming on MJO amplitude using
either single model simulations (Subramanian et al. 2014;
Arnold et al. 2015; Chang et al. 2015; Adames et al. 2017,
Wolding et al. 2017) or model outputs of phase 5 of the
Coupled Model Intercomparison Project (CMIP5) (Bui and
Maloney 2018; Maloney et al. 2019; Rushley et al. 2019).
Nearly all of the models project enhanced variability of MJO
precipitation in a warmer future climate (Maloney et al. 2019),
which can be related to increased background moisture (Chang
et al. 2015; Wolding et al. 2017; Bui and Maloney 2018)
and enhanced variability of background tropical precipitation
(Adames et al. 2017; Rushley et al. 2019). However, the
changes in MJO wind variability under anthropogenic warm-
ing have large uncertainty. Some models show a small increase
in the variability of MJO circulation, while others project weak-
ened MJO wind variability (Adames et al. 2017; Wolding et al.
2017; Bui and Maloney 2018). The relatively small increase or
even decrease in the amplitude of MJO circulation under
global warming might be caused by the increased static stability
over the tropics (Maloney et al. 2019). The decreased strength
of MJO circulation would further result in a weakened MJO
teleconnection over the middle and high latitudes (Wolding
et al. 2017).

Although the enhancement of MJO precipitation variability
under warming climate is a consensus from studies using both
reanalysis data and model projections, the changes in MJO
circulation variability show diverse results, with a clear in-
creasing trend over the second half of the twentieth century
(Slingo et al. 1999; Jones and Carvalho 2006), but a moderate
increase or decrease in model simulations (Adames et al. 2017,
Wolding et al. 2017; Bui and Maloney 2018). Bui and Maloney
(2019a) also emphasized the uncertainty of changes in MJO
precipitation and circulation induced by global warming in the
CMIPS projections. Most of these modeling studies suggest
that anthropogenic climate change would induce a higher sta-
bility, which weakens the amplitude of MJO circulation, but
the cause of the intensified MJO wind variability from the
1960s to 2000 remains unclear. Observational studies (Slingo
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et al. 1999; Jones and Carvalho 2006) did not explain the long-
term changes in MJO precipitation variability under current
global warming, which is also worthy of discussion and com-
parison with future projections.

Benefitting from modern reanalysis systems, the aim of this
study is to quantitatively examine the changes in MJO pre-
cipitation and wind amplitude and their associated mecha-
nisms responsible for these changes over the entire twentieth
century using two century-long reanalysis datasets—one from
the United States and one from Europe. To obtain more reli-
able and robust results, the basic MJO features derived from
the twentieth-century reanalysis datasets were first compared
with several other state-of-the-art reanalysis datasets and the
reconstructed MJO index proposed by Oliver and Thompson
(2012). We selected the epochs with consistent increased and
decreased MJO variability for further diagnosis to understand
the mechanisms regulating MJO amplitude, similar to the ap-
proaches used by some modeling studies.

The rest of this paper is organized as follows. The data and
methods used in the study are introduced in section 2. In
section 3, we present the basic MJO behaviors in the two
twentieth-century reanalysis datasets and compare them with
those derived from other commonly used reanalysis datasets.
In section 4, we identify the long-term changes in MJO pre-
cipitation and wind variability over the twentieth century using
the long-term observations from the twentieth-century re-
analysis datasets, NCEP-1 reanalysis, and the reconstructed
MJO index proposed by Oliver and Thompson (2012). Then,
the moisture and dry static energy (DSE) budget equations are
diagnosed to understand the key processes causing the multi-
decadal changes in MJO precipitation and circulation ampli-
tude, with a focus on the relative effects of thermodynamic and
dynamic conditions at different time scales. In section 5, we
further examine the factors regulating the amplitude of circu-
lation anomaly changes. A summary is given in section 6.

2. Data and methods

a. Data

Two century-long reanalysis datasets are used in this study
to investigate the MJO activity from the beginning of the
twentieth century to the present (1900-2010). One is the
Twentieth Century Reanalysis version V2¢ (20CR; Compo
et al. 2011) from the National Oceanic and Atmospheric
Administration (NOAA); the other is the European Centre for
Medium-Range Weather Forecasts (ECMWF) first atmo-
spheric reanalysis of the twentieth century (ERA-20C; Poli
et al. 2016). These two datasets provide long (>100 years) and
gap-free three-dimensional meteorological variables, includ-
ing zonal and meridional (¢ and v) wind components, vertical
pressure velocity w, specific humidity ¢, and geopotential
height z fields from 1000 to 100 hPa. Variables related to
convective activity, such as outgoing longwave radiation
(OLR) and precipitation, are also provided. Considering the
data spread from ensemble members of 20CR, we used both
the ensemble mean of 56 members and individual members to
analyze the MJO activity in 20CR. Different from 20CR,
ERA-20C is a deterministic (i.e., single member) product,
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although it uses a 10-member ensemble for background error
estimations.

While these two twentieth-century reanalysis systems as-
similate only the surface information using modern data as-
similations, they do include the basic characteristics of the
MJO (see section 3) and display decadal variation in MJO
amplitude that is consistent with other long-term datasets (see
section 4). Note that the aim of this study is not to present an
accurate estimate of observed variation in the MJO, which has
been documented in many studies based on reanalysis datasets
with assimilation of improved observational data after 1979.
Instead, our intention is to reveal the decadal-to-multidecadal
variations of MJO amplitude from the last century to the
present day, an issue that has received very little attention. The
complete sets of climate variables provided by 20CR and
ERA-20C are useful for diagnostic work that helps us under-
stand the mechanisms regulating the intensity changes in MJO
precipitation and circulation at the multidecadal time scale.

To demonstrate the feasibility of the twentieth-century
reanalysis datasets in revealing the behaviors of the MJO,
the following datasets covering the period 1979-2010 were
also selected: 1) The NCEP-U.S. Department of Energy
Reanalysis IT (NCEP-2; Kanamitsu et al. 2002), 2) the NCEP
Climate Forecast System Reanalysis (CFSR; Saha et al. 2010),
3) the ECMWF Interim Reanalysis (ERA-Interim; Dee et al.
2011), and 4) the Modern-Era Retrospective Analysis for
Research and Applications (MERRA; Rienecker et al. 2011).
Longer data records from the NCEP Reanalysis-1 (NCEP-1;
Kalnay et al. 1996) during 1948-2010 and Oliver and Thompson’s
(2012) reconstructed MJO index over the period 19052014 were
also used. This historical reconstruction of the MJO index (I"'®)
was generated by multiple linear regression of surface pressure
time series at 12 locations onto the real-time multivariate MJO
(RMM) index proposed by Wheeler and Hendon (2004) based
on the 20CR dataset. We obtained the updated /™%, which con-
tains the date, MJO amplitude, and MJO phase during 1905-2014
(http://passage.phys.ocean.dal.ca/~olivere/histmjo.html).

Other observational data include daily OLR from NOAA
(Liebmann and Smith 1996), observed SST from the Simple
Ocean Data Assimilation with Sparse Input (SODAsi) version
2 (SODAsi.2; Giese et al. 2016), and the Hadley Center Sea Ice
and Surface Temperature dataset (HadISST) version 2.1
(Titchner and Rayner 2014). SODAsi.2 and HadISST2.1 were
used as the boundary conditions for the 20CR and ERA-20C
atmospheric reanalysis models, respectively.

To unify the spatial resolutions of different datasets, all the
data were interpolated into 2.5° X 2.5° grid. We focused on the
boreal winter season (November—April), when the MJO signal
is most evident.

b. Definitions of MJO phase and amplitude

Similar to Wheeler and Hendon (2004) and Waliser et al.
(2009), the MJO phase evolution and amplitude are defined
based on the multivariate EOF (MEOF) analysis for 20-90-
day-filtered 850-hPa zonal wind (U850), 200-hPa zonal wind
(U200), and OLR. The variability of the first two principal
components (PC1 and PC2) is used to define the MJO am-
plitude, namely, (PC1% + PC2%)"?. Note that the Lanczos
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bandpass filtering (Duchon 1979) is applied in this study to
extract the MJO-related components instead of using the
running mean-based method for deriving the real-time multi-
variate MJO (RMM) index as proposed by Wheeler and
Hendon (2004). The 20-90-day bandpass filtering retains only
the signals associated with intraseasonal oscillation, while the
RMM index contains partly the background low-frequency
signals, leading to some uncertainty of long-term MJO trend
detected by the RMM index (Lyu et al. 2019).

¢. Moisture and DSE budget diagnoses
To understand the source of moisture, which is closely linked
to precipitation, the budget equation of moisture perturbation
(Yanai et al. 1973) was diagnosed:
96]' _ / ’ d ’ Q/z
T= V) =@V VY - ea) =P ()
where the primes denote the 20-90-day component, V is the
horizontal wind field, V is the horizontal gradient operator, p is
pressure, L is the latent heat of condensation, and Q> is the
apparent moisture sink as the residual of the moisture budget
(Yanai et al. 1973). Thus, the terms on the right-hand side of
Eq. (1) present the horizontal advection of moisture, hori-
zontal moisture convergence, vertical flux term of moisture,
and moisture gain or loss, respectively, at the MJO time scale
(i.e., 20-90 days).
The apparent heat source O, associated with the MJO can
be derived using the DSE budget equation (Yanai et al. 1973):

()~ omr+ (o) -0 o)

ot

where s denotes the DSE (s = C,T + gz, where T is temper-
ature, C,, is the specific heat of dry air at constant pressure, g is
gravity, and z is the geopotential height). According to Eq. (2),
the apparent heat source (including diabatic heating and eddy
flux convergence of the subgrid DSE process) is modulated by
the DSE tendency and the horizontal and vertical advections of
DSE. With the assumption of a weak temperature gradient in
the tropics, the tendency and horizontal advection of DSE are
negligible (Sobel et al. 2001). Thus, the vertical motion of MJO
o' is largely regulated by MJO-related diabatic heating Qf and
the time-mean (denoted by an overbar) background vertical
DSE gradient, expressed as

o

/ = i

o= % 3)
ap

Equation (3) highlights the competing effects of anomalous

diabatic heating and mean static stability on determining the

MJO circulation anomaly (Bui and Maloney 2018; Cui and
Li 2019).

3. Basic MJO features in two twentieth-century datasets
To verify the quality of the two twentieth-century reanalysis

datasets in revealing the characteristics of the MJO, we com-

pared the basic MJO features in 20CR and ERA-20C with
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FIG. 1. Variances of 20-90-day filtered 850-hPa zonal wind (contour; m?s~2) during boreal winters (November—
April) of 1979-2009 and the ratios to their corresponding total (unfiltered) variances (shading; %) derived from
(a) 20CR, (b) ERA-20C, (c) NCEP-2, (d) CFSR, (e) ERA-Interim, and (f) MERRA.

other reanalysis datasets (NCEP-2, CFSR, ERA-Interim, and
MERRA) during the boreal winter (November—April) of
1979-2009. The amplitude and geographical distribution of
MJO-related U850 variability were evaluated (Fig. 1). Both
20CR (Fig. 1a) and ERA-20C (Fig. 1b) captured the maximum
MJO variance region over the Indo-Pacific warm pool (Zhang
2005), with comparable amplitude of the other reanalysis da-
tasets. The pattern correlation coefficients of MJO circula-
tion variance in the two twentieth-century reanalysis datasets
against the other reanalysis datasets are high (>0.93) (Table 1).
The quantitative differences between the two twentieth-
century datasets and other reanalysis datasets, as repre-
sented by the normalized root-mean-square error (RMSE),
are small (0.23-0.43).

Spectral analysis also suggested that the twentieth-century
reanalysis datasets captured the equatorial MJO signals well
during the boreal winter (Fig. 2). Both datasets (Figs. 2a and
2b) clearly contain the eastward propagation signals with a
period of 20-90 days and a planetary scale of zonal wave-
number 1, consistent with the other reanalysis datasets
(Figs. 2c—f). The high pattern correlation coefficients and low
RMSEs for the spectra in Table 1 confirm the capability of
20CR and ERA-20C in capturing the MJO’s spectral features.
We further applied MEOF analysis using NOAA OLR and
wind fields (U850 and U200) in the individual reanalysis da-
tasets to examine the spatial structures of leading modes as-
sociated with the MJO (Fig. 3), as proposed by Wheeler and
Hendon (2004) and Waliser et al. (2009). The first baroclinic
mode of MJO circulation, with a low-level easterly (westerly)

and a high-level westerly (easterly) to the east (west) of MJO
convection, can be clearly identified in 20CR (Fig. 3a) and
ERA-20C (Fig. 3b), in agreement with observations (Madden
and Julian 1971, 1972; Wheeler and Hendon 2004). The first
two leading modes accounted for ~34% of the total variance
from the two twentieth-century datasets (Figs. 3a,b), similar to
the results from the other datasets (Figs. 3c—f), albeit slightly
smaller in amplitude.

These results indicate that, although only the observed
surface signals were assimilated, the two twentieth-century
reanalysis systems are capable and reliable in capturing the
MJO’s characteristics (Gao et al. 2016; Cui et al. 2019). Note
that the aim of this study is not to assess the reanalysis datasets,
but to search for reliable features of MJO variation during the
entire twentieth century. Thus, the robustness of the two da-
tasets and their consistency with the other datasets remain the
base for the following analyses.

4. Changes in MJO amplitude over the twentieth century
To compare the temporal evolutions of MJO intensity
[(PC12+PC2%)'?] over the twentieth century in different da-
tasets, we obtained the PCs by projecting the 20-90-day U200,
U850, and OLR from each reanalysis dataset onto the first two
MEOF modes defined by Wheeler and Hendon (2004) and
then calculated the MJO intensity in each decade from 1900 to
2010 (Fig. 4). Following Wheeler and Hendon (2004), the
MEQF modes of MJO were derived using the 20-90-day wind
fields from the NCEP-1 and OLR from NOAA over the period
of 1979-2010. The two twentieth-century reanalysis datasets
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TABLE 1. Pattern correlation coefficients for variance maps (Fig. 1) of 20-90-day U850 and the wavenumber—frequency (W-F) spectra
(Fig. 2) in two twentieth-century reanalysis datasets against other reanalysis datasets. The normalized root-mean-square errors are shown
in the lower half of the table.

NCEP-2 CFSR ERA-Interim MERRA

Pattern correlation
20CR Variance map 0.93 0.95 0.95 0.93
W-F spectra 0.98 0.98 0.97 0.98
ERA-20C Variance map 0.97 0.95 0.98 0.96
W-F spectra 0.99 0.99 0.99 0.99

Normalized RMSE
20CR Variance map 0.38 0.35 0.33 0.43
W-F spectra 0.23 0.30 0.27 0.30
ERA-20C Variance map 0.32 0.37 0.23 0.37
W-F spectra 0.16 0.39 0.14 0.34

show consistent changes in MJO amplitude after the 1920s  (with a significant increase before the 1970s) is also seen in the
(Fig. 4). Both datasets reveal pronounced decadal variation ~NCEP-1 (Fig. 4). The increase in MJO amplitude during the
with an increasing trend. A remarkable strengthening of the  1930s to the 1960s is also seen in the Oliver-Thompson index
MIJO was detected from the 1930s to the 1960s, which leveled ~ (/"'®). However, the slope of the increasing trend in I"'® is
off slightly afterward. The decadal variation of MJO amplitude  smaller than that in the other datasets (Fig. 4). The incompatible
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FIG. 2. As in Fig. 1, but for the wavenumber—frequency spectra of equatorial (10°S-10°N) averaged 850-hPa zonal wind (shading;
m?s~?). The east-to-west power ratios of 20-90-day components are highlighted in red. Only the climatological seasonal cycle and time
mean for each November—April segment were removed before calculating the spectra.
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FIG. 3. As in Fig. 1, but for the first two MEOF modes of equatorial (15°S-15°N) averaged 20-90-day U850 (red), U200 (blue), and OLR
(black). The explained variance of each mode is shown at the upper right of each panel.

trends shown by I'™® and the two twentieth-century reanalysis

datasets might be attributable to the different methods used to
extract the MJO signals in our study. Similar to the RMM in-
dex of Wheeler and Hendon (2004), the MJO signals derived
from the MEOF analysis for the reanalysis datasets were based
on global-scale OLR and circulation anomalies at the equator.
In contrast, I''® was defined by using only 12 locations (Fig. 5a),
where the surface pressure data have better quality (i.e., with
smaller intermember standard deviations among the 56 ensem-
ble members of 20CR) and show a stronger relationship with
the MJO index of Wheeler and Hendon (2004) (Oliver and
Thompson 2012).

To reduce the uncertainty due to data quality, we calculated
the variances of MJO-related fields in each winter at the 12
sites suggested by Oliver and Thompson (2012), and then av-
eraged the 12 values to present the MJO amplitude. The re-
sultant fluctuations of MJO amplitude at the decadal time scale

over the twentieth century are shown in Fig. 5b. The increasing
tendencies in MJO convection (OLR) and circulation (U850)
amplitude can still be observed (Fig. 5b), while their slopes are
weakened compared to those detected in Fig. 4. Similar to the
results of 'R, the MJO-related surface pressure revealed a
nonsignificant trend but clear multidecadal variation (Figs. 4
and 5b). Note that, regardless of the method (Wheeler and
Hendon 2004; Oliver and Thompson 2012) and variables used
to estimate the MJO signals and their amplitude (Figs. 4 and 5),
the boreal winter MJO tended to weaken during the earlier
decades of the study period (i.e., 1920-49, referred to herein as
D1), but strengthen during the later decades of 1970-99 (D2).
To confirm the choice of D1 and D2 is reasonable, we plotted
the time series of MJO amplitude index from 20CR, ERA-20C,
and NCEP-1 (not shown), and found that D1 and D2 did reveal
the contrast in MJO intensity in all three datasets. Moreover,
we compared the differences in MJO intensity of the 30-yr
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climate mean states in the first half century (1920-49, 1930-59,
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FIG. 4. Temporal evolutions of MJO amplitude [(PC1%+PC2?)""?] in each decade from the
beginning of the twentieth century to the first decade of the twenty-first century. Red, blue, and
black lines denote the MJO amplitude derived from 20CR, ERA-20C, and NCEP-1, respec-
tively. The vertical bars represent the range of MJO amplitude based on Monte Carlo exper-
iments (repeated 1000 times) for the 56 members of 20CR. Green line denotes the historical
reconstruction of the MJO index (I'®) proposed by Oliver and Thompson (2012).

and 1940-69) and the second half century (1950-79, 1960-89, nitions for D1 and D2.

and 1970-99) derived from the two twentieth-century re-
analysis datasets. The differences in MJO amplitude between
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These results suggest the feasibility and reliability of our defi-

By comparing the wavenumber—frequency spectra be-
tween D1 and D2 (not shown), we noticed that the centers of

1920-49 and 1970-99 are large and statistically significant. spectral power maximized at the same bands of frequency and
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FIG. 5. (a) Standard deviations of 1900-2010 surface pressure (Pa) among 56 members of
20CR. Blue dots mark the chosen locations for data reconstruction in Oliver and Thompson
(2012). (b) Temporal evolutions of 11-yr-running-averaged variance of 20-90-day filtered U850
(red), OLR (blue), and surface pressure (black) based on the 12 sites in (a). The variances in
(b) were normalized by a unit standard deviation.
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periods investigated (D2 minus D1). The results of (left) 20CR and (right) ERA-20C. Only the regions with a
statistically significant change at the 90% confidence level are shown.

wavenumber. This suggests that no obvious changes were de-
tected for the MJO spatial structure and phase speed. As for
the propagation features, we found that the east-to-west power
ratios of precipitation and 850-hPa zonal wind were similar in
20CR during D1 and D2, while they increased in the recent
decade in ERA-20C. The enhanced eastward-propagating
MJO was reported in previous modeling studies (Adames
et al. 2017; Cui and Li 2019). From both datasets, the pro-
nounced changes in power spectra consistently appeared in
the 20-90-day band (i.e., MJO amplitude), in agreement with
the results of Figs. 4 and 5. Thus, we will focus on addressing
the factors that regulate the changes in MJO amplitude at the
multidecadal time scale.

Considering that the MJO perturbations are strongly mod-
ulated by background thermodynamic and dynamic condi-
tions, we first examined large-scale mean state changes from
D1 to D2 (Fig. 6). Along with the global warming over the
twentieth century, the wintertime SST showed significant in-
creases over the tropical Indian Ocean and western Pacific
warm-pool regions in D2 (Figs. 6a,b). These changes could be
related to the regime shift of global-scale SST pattern in the
1970s (Baines and Folland 2007). Because the amplitude and

warming patterns of prescribed SST fields for the two re-
analysis datasets revealed some differences, detailed distribu-
tions of multidecadal changes in moisture and vertical motion
anomalies in 20CR (Figs. 6¢c,e) and ERA-20C (Figs. 6d,f) were
slightly different. In general, positive moisture anomalies in the
lower troposphere appeared over the warmer SST regions of
the Indo-Pacific warm pool in both datasets (Figs. 6¢,d). Unlike
the thermodynamic effects with a spatially uniform change
over the Indo-Pacific warm pool, the changes in atmospheric
circulation showed regional features. Large-scale anomalous
ascending motions were observed over the Maritime Continent,
while anomalous descending motions prevailed over the western
Pacific (Figs. 6e.f). The upward motion and increased moisture
content over the Maritime Continent led to enhanced precipita-
tion there (Figs. 6g,h).

To identify the spatial distribution of MJO amplitude
change, we compare the life cycle evolutions of equatorial
MIJO precipitation and U850 during the two decadal periods
(Fig. 7). In both D1 and D2, the eastward propagation of MJO
precipitation anomalies from the equatorial Indian Ocean to
the western and central Pacific is well illustrated by the phase—
longitude diagram using 20CR and ERA-20C (Figs. 7a,b,d,e).
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FIG. 7. Phase-longitude evolutions of 20-90-day precipitation (shading; mm day ') and U850 (contour; ms ')
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(d)—(f) As in (a)-(c), but for ERA-20C.

To the east (west) of the MJO precipitation, the low-level
easterly (westerly) anomalies associated with Kelvin (Rossby)
waves also propagated eastward with the MJO convection.
Again, the two twentieth-century reanalysis datasets realisti-
cally capture the coupled structures of convection and circu-
lation. It is clear that the MJO had larger amplitude in D2 than
in D1 (Figs. 7a,b,d,e). The most significant increases in MJO
precipitation and U850 occurred over the western Pacific re-
gion (120°-170°E), revealed by both 20CR (Fig. 7c) and ERA-
20C (Fig. 7f). Therefore, we selected the western tropical
Pacific (120°-170°E, 15°S-0°) as the key region for moisture
budget diagnosis to understand the major processes responsi-
ble for the strengthened MJO precipitation in D2.

Figure 8 shows the temporal evolutions of MJO-related
precipitation anomalies over the key region composited by all

cases with area-averaged 20-90-day precipitation greater than
one standard deviation. Day 0 is defined as the time when the
precipitation anomaly reached its maximum for each enhanced
MJO precipitation case (Fig. 8a). Compared to D1, the MJO
precipitation in D2 had larger amplitude (Fig. 8b), consistent
with the results of Fig. 7. The increase in MJO precipitation
amplitude in 20CR was larger than that in ERA-20C.

The supply of moisture is important in supporting the
growth of MJO precipitation (Benedict and Randall 2007; Hsu
and Li 2012; Sobel and Maloney 2013). We also examined
evolutions of moisture anomalies in the column associated with
the multidecadal changes in MJO precipitation. As shown in
Fig. 9, both 20CR and ERA-20C revealed abundant moisture
in the lower to middle troposphere as the enhanced MJO
precipitation occurred from days —5 to +5 (Figs. 9a,e). The
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the key region in the western Pacific warm pool (120°~170°E, 15°S-0°)
during D1, and (b) its changes (D2 minus D1). Day 0 represents the
date when the area-averaged precipitation anomaly reached its
maximum for each active MJO convective event (i.e., amplitude
greater than one standard deviation). Red and blue curves denote
the results derived from 20CR and ERA-20C, respectively. Solid
segments in (b) denote the changes are statistically significant at
the 95% confidence level, and the dashed ones indicate insignifi-
cant changes.

increased precipitation anomalies in D2 was linked to in-
creased column moisture. The most significant increase in
moisture in D2 relative to D1 appeared at the boundary layer
and in the midtroposphere (Figs. 9a,e). The convergence of
moisture flux anomalies also increased noticeably in the lower
to middle troposphere (1000-500 hPa) during D2 in both da-
tasets (Figs. 9b,f), which contributed to the increases in
moisture and precipitation. Horizontal moisture convergence
[—(gV - V)] contributed predominantly to moisture flux con-
vergence (Figs. 9c,g); however, horizontal moisture advection
[-(V -Vq)] showed a negligible effect (with small negative
values) on the enhanced precipitation from days —5 to +5
(Figs. 9d,h). It is worth noting that the enhancements in
moisture, moisture flux, and horizontal moisture convergence
were of larger amplitude in 20CR than in ERA-20C, in
agreement with a larger increase in the MJO precipitation
anomaly over the western Pacific warm pool in 20CR com-
pared to ERA-20C (Figs. 7 and 8). The results are similar to
previous findings that the low-level moisture convergence
near the MJO convective center results in upward moisture
transport and thus favors the precipitation anomaly (Hendon
and Liebmann 1994). This is also the key process responsible
for the enhanced MJO convection under global warming
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(Zelinka and Hartmann 2011; Singh and O’Gorman 2012;
Chang et al. 2015).

A number of studies (e.g., Hsu and Li 2012; Chang et al.
2015) indicated that the anomalous convergence of seasonal-
mean moisture [—(gV - V’)] is the leading process causing the
enhanced moisture convergence anomaly that supports the
MJO-related convection and precipitation anomalies. To fur-
ther examine the relative contributions of mean moisture
change and anomalous circulation change to the multidecadal
change in moisture convergence anomaly (and thus MJO
precipitation), we decomposed the changes in —(gV - V') as
follows:

A(gd") =g, A8’ + Ags'| + AgAS', “)

where A denotes the change in D2 relative to D1 (D2 minus
D1), and the subscripts 1 and 2 represent the state in D1 and
D2, respectively. For simplicity, 8 represents horizontal con-
vergence anomaly [—(V - V)']. Thus, the decadal change (D2
minus D1) in anomalous convergence of mean moisture A(gd")
may come from the decadal change in MJO-related conver-
gence q;A§', even if the winter-mean moisture fields do not
change, and from the decadal change in the mean moisture
Ag8, as well as both changes in anomalous circulation and
mean moisture AGAS'.

The diagnostic results of Eq. (4) are shown in Fig. 10.
Compared to D1, the MJO-related convergence of mean
moisture during D2 was enhanced from day —10 to +5 (before
and at the occurrence of MJO precipitation) in the lower to
middle troposphere. These changes were observed in both
20CR (Fig. 10a) and ERA-20C (Fig. 10e). This change largely
came from gq;Ad’, that is, the contribution of multidecadal
change in MJO-related convergence A’ instead of the mean
moisture change (Figs. 10b,f). In contrast, the contribution of
mean moisture change at the multidecadal time scale (Ag5))
was much smaller (about one order of magnitude smaller) than
that of the effect of anomalous circulation change (Figs. 10b,c,f,g).
The nonlinear processes associated with both anomalous circu-
lation change and mean moisture change (AGAS') were also of
small amplitude (Figs. 10d,h). The key process accounting for the
enhanced MJO precipitation over the twentieth century found
here (g,A8") is different from that for the MJO precipitation in-
tensification under future warming scenarios. For the future
scenarios, changes in mean moisture Agd; play a leading role in
strengthening the MJO variability of precipitation (e.g., Chang
et al. 2015; Wolding et al. 2017; Bui and Maloney 2018; Maloney
et al. 2019). This difference may be attributable to the increasing
rates of SST and moisture, which were relatively weak in the
twentieth century (not shown).

5. Factors regulating the amplitude changes in circulation

anomaly

The enhancement of the MJO circulation anomaly shown in
the moisture diagnosis can be confirmed by comparing the
anomalous vertical motion associated with the MJO during the
two decadal periods (Fig. 11). Both 20CR and ERA-20C
showed significantly enhanced ascending motion anomalies
in the midtroposphere during the MJO precipitation period
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FIG. 9. As in Fig. 8, but for the vertical structures of 20-90-day (a) moisture anomalies (gkg '),
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FIG. 11. As in Figs. 9a and 9e, but for 20-90-day vertical velocity (Pas ™).

(from days —5 to +5). In 20CR, the MJO vertical velocity
anomaly increased by 29.3% during D2 with respect to D1
(Fig. 11a), which was larger than that (12.4%) detected in
ERA-20C (Fig. 11b). The enhanced ascending motion anom-
aly was associated with stronger moisture convergence and
thus moisture vertical advection (not shown), favoring a larger
MJO precipitation anomaly in D2 (Figs. 8-10). The larger
enhancement of MJO circulation in 20CR (Fig. 11) can also
explain the larger increase in MJO precipitation compared to
the results of ERA-20C (Fig. 8b).

The next question that needs to be addressed is the cause of
the enhanced MJO circulation in D2. According to Eq. (3),
MJO-related vertical velocity o' is positively correlated with
anomalous diabatic heating Q, but inversely correlated with
mean vertical DSE gradient 9s/dp. Thus, the fractional change
in the anomalous vertical velocity between the two decadal
periods (D2 minus D1) can scale with the difference between
the anomalous diabatic heating change and vertical DSE gra-
dient change,

, )
Ao =A | =AQ;—A(§).

= )

As shown in Fig. 12a, the change in o’ can be described by the
change in the ratio of Q] to ds/dp for both datasets, suggesting
that the budget analysis of Eq. (5) is reliable. The anomalous
heating tended to enhance and was partly offset by enhanced
mean static stability in D2. The increased static stability under
the warming climate in the twentieth century was induced by
significant upper-tropospheric warming (not shown) and acted
to weaken the anomalous circulation, similar to the features
under future warming scenarios (Bui and Maloney 2018).
Different from the future projection results, the enhancement
of anomalous heating overwhelmed the effect of increased
static stability. Thus, the MJO-related circulation showed en-
hanced amplitude. The larger increases in the vertical motion
anomaly (Fig. 11) and moisture convergence (Fig. 10) in 20CR

than in ERA-20C can be linked to the smaller negative effect
of increased static stability (Fig. 12b).

The diabatic heating anomaly mainly consists of latent
heating anomaly and radiative heating anomaly, both of which
are crucial for MJO development (Lin and Mapes 2004; Jiang
et al. 2011; Ling et al. 2013). Figure 13 compares the contri-
butions of latent heating, represented by the apparent moisture
sink (Q; in Yanai et al. 1973), and radiative heating related to
longwave and shortwave processes, respectively. The latent
heating anomaly played the dominant role in inducing the
enhanced circulation anomaly in D2 in both 20CR and ERA-
20C (Fig. 13). The enhanced latent heating anomaly was pro-
duced by an increased precipitation anomaly, which further
strengthened the circulation and precipitation, indicating the
convection—circulation positive feedback of the MJO under
global warming (Cui and Li 2019). Radiative heating also
contributed to the enhanced circulation anomaly in D2
(Fig. 13). As the climate became warmer in D2, the MJO-
related moisture and precipitation anomalies would have en-
hanced the longwave radiative heating (Wolding et al. 2017).
The influence of shortwave radiative heating on the circulation
anomaly at the multidecadal time scale seemed to be weak
(Fig. 13). Previous studies have highlighted the importance of
longwave radiation to MJO dynamics (Lin and Mapes 2004;
Jiang et al. 2011). In this study, we found that the multidecadal
changes in both latent and longwave radiative heating anom-
alies contributed to the change in MJO precipitation amplitude
by inducing vertical motion anomaly. Further comparison of
MJO heating profiles revealed that the centers of anomalous
diabatic heating did not change from D1 to D2 in 20CR, while
they lifted slightly during D2 in ERA-20C (not shown). The
more top-heavy structure of warming (Bui and Maloney
2019b) was found in ERA-20C. This change of heating profile
in ERA-20C might have caused the smaller increase in as-
cending motion anomaly and less efficiency of vertical mois-
ture advection (Bui and Maloney 2018) compared to those in
20CR. Thus, the enhancement of MJO precipitation in ERA-
20C was of smaller amplitude than that in 20CR (Fig. 8b).
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MJO-related (shown from left to right) vertical velocity, diabatic heating, and vertical gradient of mean DSE between
20CR (red) and ERA-20C (blue). These were calculated during the MJO active period (from days —5 to +5) and

averaged from 600 to 300 hPa.

6. Summary

Based on two century-long reanalysis datasets (20CR and
ERA-20C), which are both adequate in describing the ampli-
tude, spatial pattern, and propagating features of MJO-related
variability (Cui and Li 2019), we examined the changes in MJO
precipitation and the mechanisms responsible for these changes
over the twentieth century. To increase the reliability and ro-
bustness of MJO variation signals during the entire twentieth
century, various definitions of MJO precipitation and circulation
amplitude, as well as datasets, were used. Significant multi-
decadal variations of MJO amplitude along with an increasing
trend were detected in 20CR, ERA-20C, NCEP-1, and the
Oliver-Thompson MJO index. Various MJO amplitude indices
using different data consistently showed enhanced MJO pre-
cipitation and circulation amplitude during the later decadal
period of 1970-99 (D2) with respect to those during the earlier
decadal period of 1920-49 (D1).

The most evident increases in MJO precipitation amplitude
in D2 relative to D1 occurred over the western Pacific warm-
pool region (120°-170°E, 15°S-0°), where the winter-mean SST
and moisture in D2 were significantly higher than those in D1.
To understand the processes inducing the enhanced MJO
precipitation intensity, the MJO-related moisture budget equa-
tion was diagnosed. An increased moisture anomaly induced by
horizontal moisture convergence anomaly was consistently ob-
served over a key region with enhanced MJO precipitation am-
plitude, indicating that the horizontal moisture convergence
could continually favor the upward transport of moisture anom-
aly to moisten the tropospheric column and maintain the pre-
cipitation anomaly (Benedict and Randall 2007; Hsu and Li 2012;
Wolding et al. 2017).

The increased horizontal moisture convergence anomaly
was related to the enhancement of MJO-related convergence
working on the mean moisture field [—(gV - V’)]. A further
diagnosis was applied to quantify the relative contributions of
thermodynamic effect (mean moisture change) and dynamic
effect (circulation anomaly change). The results showed that

the decadal change in the circulation anomaly g;A8’ played a
leading role, while the effects of mean moisture change A8
and its nonlinear interaction with circulation change AgAS§'
contributed insignificantly. This is in contrast to the mecha-
nisms responsible for the MJO enhancement under future
warming scenarios, in which the mean moisture change is
the most important contributor but the circulation anomaly
changes little (Chang et al. 2015; Wolding et al. 2017; Bui and
Maloney 2018; Maloney et al. 2019). The difference in the key
process accounting for increased moisture convergence and
precipitation anomaly may be related to the competing effects
between diabatic heating anomaly change and mean static
stability change (Wolding et al. 2017; Bui and Maloney 2018;
Cui and Li 2019). Under strong warming scenarios (such as
RCP8.5), the atmosphere tends to be more stable, due to large
increases in mean static stability. The changes in the MJO
circulation anomaly in the twenty-first century are likely to
either be negligible or exert a negative effect on precipitation
anomaly enhancement. Thus, the major contributor to
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F1G. 13. As in Fig. 12b, but for changes in convective heating O,
(Wm™?) and radiative heating, including net longwave radiative
heating (NET_LW; W m™2) and net shortwave radiative heating
(NET_SW; Wm ™ ?) between D2 and D1 for 20CR (red bars) and
ERA-20C (blue bars).
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enhanced MJO precipitation amplitude is the mean moisture
change (e.g., Chang et al. 2015; Adames et al. 2017, Wolding
et al. 2017; Bui and Maloney 2018; Maloney et al. 2019;
Rushley et al. 2019). In contrast, under the mild warming of the
twentieth century, the increase in mean static stability was
weak and its effect could not defeat the significant increases in
latent and radiative heating anomalies. The enhanced circu-
lation anomaly eventually dominated the enhanced moisture
convergence anomaly, and resulted in the intensified MJO
precipitation anomaly in the recent decadal period (D2).

In summary, an increase in the amplitude of MJO precipi-
tation was found to accompany global warming. However, the
extent of change in mean moisture and MJO circulation
anomaly varies under different warming scenarios. Therefore,
the mechanisms responsible for enhanced MJO precipitation
amplitude are different for the twentieth-century warming and
future projections. A recent study by Cui and Li (2019) found
that the MJO circulation anomaly change during different
warming phases under the RCP8.5 scenario can be controlled
by the net effect of diabatic heating change and mean static
stability change. The competing effect on circulation anomaly
change is worthy of further study because the amplification of
the circulation anomaly over the tropics can generate an en-
hanced teleconnection pattern and lead to a higher proba-
bility of extreme weather events in the middle to high
latitudes (Cassou 2008; Stan et al. 2017). The mechanisms
controlling the decadal change in MJO teleconnection were
complex and involved various dynamic processes, including
not only MJO-related perturbations but also the mean cir-
culation and ocean states and their interactions (Baxter and
Nigam 2013; Henderson et al. 2017; Lee et al. 2019). We will
continue studying these issues.

Another issue worth of further in-depth studying is about the
MJO change induced solely by nature variability. In the cur-
rent study, we investigated the variation of MJO amplitude
over the entire twentieth century under all nature and an-
thropogenic forcing combined. How and to what extent the
different SST modes at the decadal-to-multidecadal time scales
[such as the Atlantic multidecadal oscillation (AMO) and the
Pacific decadal oscillation (PDO)] influence the MJO ampli-
tude are our ongoing research. Our preliminary results revealed a
close linkage between the weakening of boreal-winter MJO over
the tropical Pacific and the warm phase of the AMO. Detailed
processes explaining how the AMO affects the tropical Pacific
MJO will be presented in the near future.
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